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(ST) Absoract 

An integrated circuit inductor sovcwre chat 
includes a Shielding pattern that induces a plu- 
rality of small eddy currents to shield the mag- 
netic energy generated by the inductor from the 
subscraic of the IC. The IC inductor stxuciuns U 
formed on a Silicon on Insulator (SOI) subscraic 
where the substnte of the SOI has high msisuvity. 
The shielding pattern forms a cbeckcitxard pat- 
tern thai includes a plurality of conducting mgions 
completely isolated from each other by oaide ma- 
terial. TTic inductor has a high quality factor and 
a high self-rcsooancc frequency due to the effec- 
tive shielding of electromagnetic energy from the 
substrate of the IC while not reducing the effective 
inductance of the inductor. 
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Integrated Circuit Inductor with High SdfAesonance Frequency 

BACKGROUND OF THE INVENTION 

\ , Field of the Invention 

This invention relates to integrated circuit inductors and more particularly to Integrated circuit 
inductors having a high self-resonance frequency and a high quality factor, Q„. 

2. Descripiion of Related Art 

\i is desirable to include induclors on integrated circuits ("IC") versus off the IC to reduce the 
form factor and cost of devices requiring inductors. IC inductors, however, commonly hn^e 
unaccepiably lo\v quality factors, low sclf-rcsonance, and cause interference with surrounding 
or neighboring IC components. This is panicularly true for IC inductors used in hiah 
frequency applications such as in the front end of radio frequency ( 'RF") receivers and 
transmitters. 

Due to the significant advantages of having IC inductors, several solutions have been 
investigated. First, inductors having difTcrcni geometric panems such as those shown in 
FIGURES 1 A to IC have been analyzed including a spiral inductor 42. a simple loop inductor 
44, and a meander inductor 46. Of these inductors, investigation has revealed that spiral 
inductors arc most easily adapted for inclusion in silicon ICs because a desired inductance c;io 
be achieved using a smaller surface area with a spiral inductor versus a loop or a meander 
inductor. 
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As way of background FIGURE 2A shows such sn inductor 50 which generates magnetic 
field lines 52 due 10 the flow of current shown in the FIGURE. FIGURE 2B illustrates a cross 
sectional view of an IC structure 54 including the inductor 50. The IC 54 includes a silicon 
substrate 56, a conductive ground plane 58, and a silicon oxide layer 60. When the inductor 
50 is included on an IC such as shown in FIGURE 2B and cunrcnt flows through the inductor 
SO such as shown in FIGURE 2A, the lines of magnetic flcid can enter the substrate 56 and be 
significantly reduced. This reduces the quality factor (ft) of the inductor. In addition the 
frequency at which the inductor 50 self-rcsonanccs is also reduced due to parasitic 
capacitance between the inductor 50 and the substrate 56. 



In order to limit the passage of the magnetic flelds of an inductor into the IC's substrate, 
insulating regions and ground plates have been insened between the inductor and substrate. 
For example, VS. Pat. No. 5.539,241 to Abidi ct al. teaches etching a pit under the inductor 
10 create an insulaling region between the inductor and the substrate. As noted in the PCT 
IS application number US98/05 149 to Yue clal. (which is discussed below), the inclusion of this 

insulating region may effect the mechanical integrity of the IC, in paaicular, the inductor. In 
addition, the construction of an IC with such insulating region is likely to be expensive and 
complex. 

20 Yuc ct al. also discusses another IC inductor structure xvhere the structure includes a solid 

metal conducting ground shield 72 such as sho^vn in FIGURE 3A. As sho%vn in FIGURE 3B. 
the solid conducting ground shield 72 is placed between the inductor 50 and the subsirntc 56. 
As Shoxvn in FIGURE 3A, an image Current 76 is induced from the magnetic field lines 
• generated by the inductor 50. This induced image current 76 generates magnetic Held line* 74 

25 where the flu.x of the magnetic field is opposite the flu^ of the magnetic Held of the inductor 

50. Consequently, while this IC inductor configuration isolates the inductor 50 from the 
substrate 56 (no magnetic coupling), the configuration substantially reduces the enVctive 
inductance of the inductor and thereby the of the inductor. 
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In order 10 overcome these problems. Yuc ci al. suggests an IC inductor configuration ihat 
includes a pancmcd ground shield 80 between the inductor 50 and substrate 56 as shown in 
FIGURES 4A and 4B. The partcmcd ground is a polysilicon ground shield that includes 
locally isolated conductive lines 84 separated by slots 85 where the conductive lines 84 are 
5 ' ortho'ional lo the conductive line segments of the inductor. 50. Yue el al. teaches that the 
Orthogonal relationship between the conductive lines 84 and conductive line segments reduces 
or eliminates the generation of an image current in the ground shield 80. The ground shield 
effectively lerminatcs any electric field generated by the inductor 50 thus limiting any leakage 

into the substrate 56. The termination of the electric field at the ground shield 80, however, 
10 may effectively generate a quasi capacitor where the inductor acts as one plarc and the ground 

ilui ia acts as another plate. The relative proximit>' of the inductor to the ground shield 

.o.fcj^'. II- effective capacitance. Consequently, the IC inductor configuration of Yue ci al. 

in i« I.. ' l.i^c an acceptable quality factor at high frequencies. 

,5 |. . y „ .T,.! ,..,! Yuc ct a!, suggests that the substrate 56 is a low resistivir> substrate. In 

rut. . • I % ..; includes examples of an 11 ohm-cm silicon substrate and a 19 olim-cm 
V.I. . • tK-r I: has been found that low resistivity substrates cmploNcd in IC inductor 
v.'m:./ .;. also lower the self-resonance frequency of the inductor regardless of the 

rr.MM. J i.hM i f i-founding technique employed. Thus, a need exists for an IC inductor 

20 coMfi .T.r.. has a high self-rcsonance frequency and an acceptable quality factor at high 
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The present invention is an integrated circuit inductor structure that includes a shielding 
partem that induces a plurality of small eddy cuirenis ro shield magnetic energy generated by 
the inductor from the substrate of the IC. The IC inductor structure is formed on a Silicon on 
Insulator (SOI) substrate where the substrate of the SOI has high resistivity. The shielding 
pattern forms a checkerboard pattern that includes a plurality of conducting regions 
completely isolated from each Other by a dielectric or non-conducting material. The inductor 
has a high quality factor and a high self-rcsonanee frequency due to the effective shielding of 
electromagnetic energy from the substrate of the IC while not reducing the efTeciive 
inductance of the inductor or introducing substantial parasitic capacitance. 

In other embodiment, the IC inductor structure includes an inductor formed over a second 
dielectric layer. The second dielectric layer is formed over a first dielectric layer and the r.rsi 
dielectric layer is formed over a substrate. The substrate ideally has high resistivity. In 
particular, the resistivity is about 1 kohm-cm. The Hrst dielectric layer is formed from silicon 
oxide and the second dielectric layer is formed from at least one oxide layer. In another 
embodiment, a plurality of conducting regions are inserted into the second dielectric la>er 
wherein the plurality of conducting regions induce small edd> cunrcnis that do not 
significantly reduce the inductance of the inductor. 
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FIGURE I A is a diagram of an exempUry prior an spiral inducior. 

FIGURE IB is a diagram of an exemplary prior an loop inducwr. 

FIGURE IC is a diagram of an exemplary prior an meander inductor. 

FIGURE 2A is a perspective view of a prior an spiral inductor and lines of magnetic fields 
generated by the same when currem circulates through the inducior. 

FIGURE 2B is a cross sectional view of a prior art IC inductor structure where the inductor is 
a spiral inductor and the Structure has no grounding shields or shielding pancms. 

FIGURE 3A is a perspective view of a prior an solid metal ground shield and lines of 
magnetic fields generated by the same when cunent circulates through the shield. 

FIGURE 38 is a cross sectional view of a prior art IC inductor stmcture where the inductor is 
a spiral induaor and the structure has includes the solid me.al ground shield shown tn 
FIGURE 3A. 

FIGURE 4A is a top v;e^v of a prior an spiral inductor over a panemed ground shield. 

FIGURE 48 is a cross sectional view of a prior art IC inductor structure including the spiral 
inductor and pancmed ground shield shown in FIGURE 4A. 

FIGURE 5 is a top view of a spiral inductor over a patten,ed shield in accordance with .he 
p,esenc invention where the patterned shield forms a ehecWerboard panem of .sola.ed 
conducting regions. 

, ci>rtion RB' of Ihe spiral inducior over a panemcd shield as 
FIGURE 6 is a diagram of a section oo oi mc sj^i. 

shown in FIGURES. 
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FIGURE 7 is a cross section AA' of ihc spiral inductor over ihe pancmcd shield as shoxvn in 
FIGURE 6 where ihc cross section details a first embodiment of an !C inductor siruciure 
according lo the present invention. 

FIGURE 8 is a cross section AA' of the spiral inductor over the patterned shield as shown in 
FIGURE 0 where the cross section details a second embodiment of an IC inductor structure 
according to the present invention. 

FIGURES 9A to 9D are graphs detailing the ratio of inductor quality. versus operaiing 
ff Ciiiicncy./^ for different IC inductor structures. 

1 1, .I'M 10 i. a cross sectional view of the first embodiment of an IC inductor staiciurc 
3c.;t,s» , I., ti.e present invention shown in FIGURE 7 funher surrounded by a guard ring 
I irlr. iticilly isolate the IC inductor from neighboring IC components. 

H,.» i!- n h' 15 arc sectional views of an cxemplao' method of producing or 
m.*:^ ' . ii i:»v li. structure shown in FIGURE 10. 

i.iVc :i L r.un.licrs nnd designations in the various drawings indicate like elements. 



-6" 



wo 00/67320 

DETAILED DESCRIPTION OF THE INVENTION 



PdTAJSOO/11798 



Throughout this description, ihc preferred embodiment and examples shown should be 
considered as exemplars, rather than as iimliations on the present invention. 

5 

As noted above, an ideal IC inductor conHguration has a high quality factor at high 
frequencies and a high self-resonance frequency. An exemplary IC inductor configuration 10 
according lo the present invention is presented with reference xo FIGURES 5 to 7. FIGURE 5 
is a lop-lcvcl view of an exemplary IC inductor configuration 10 according to the present 

10 invcniion. The IC 10 includes an inductor 12 over a checkerboard pancrn 1 1 that includes a 

plurality of conducting regions 16 isolated at four sides by isolating lines 22, FIGURE 6 is a 
diagram of section BB' of the IC lO shown in FIGURE 5. FIGURE 6 more clearly illustrates 
the conductive regions 16 that arc electrically isolated from each other by isolating lines 22. 
The combination of conductive regions 16 and isolating lines 22 form a checkerboard pattern 

15 H of electrically isolated conducting regions 16. 

In use, the inductor 12 gcncralcs magnetic field lines thai enter each of the conducting regions 
16. The magnetic field lines induce small eddy currenis in each of the conducting regions 16 
since the regions arc not grounded as in the Yuc et al. configuration described above. Due lo 
20 ihc small size of the conducting regions and their isolation from other conducting regions 1 6 

(Ihe isolation is shown in more detail in FIGURES 7 and 8), a magnetic field having a fiux 
opposite of the flux of the magnetic field generated by the inductor 12 is not induced. 
Consequemly, the inductance of the inductor 12 is not reduced. FIGURE 7 ts diagram of nn 
exemplary side section A A of IC 1 0 shown in FIGURE 6. 
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The exemplary side section of IC 10 includes a high resisnvity substrate 20. silicon oxide 
layer 18, shield region 1 1 comprised of epilaxial silicon 16 and an oxide 22, an oxide layer 14 
and an inductor pattern 12. In this preferred embodiment, the inductor 12 is formed on a 
Silicon On Isolator ("SOI") pattern. It is noted that ideally the substrate 20 has a resistivity of 
about I kohm-cm. As shown in this FIGURE, each conducting region 16 is comprised of 
epitaxial silicon which is separated from neighboring regions by U-irenches 22 filled with a 
non-conductive oxide. Between the inductor 12 and the coriducting regions is an oxide la>er 
14. The oxide layer 14 may be comprised of one or more different o.xide layers. The SOI is 
ideally formed over a conducting Printed Circuit Board ("PCB") 2 1 . 



Accordingly, when a current flows in inductor 12. snMill eddy currents are generated in each 
epitaxial region 16. As noted, these regions 16 are not grounded Consequently, an electric 
field signal is generated that is electrically grounded at the PCB 2 1 level. This creates a sn«ll 
effective capacitor where the inductor 12 acts as the first plate and the PCB 21 acts as the 

15 second plate. Due to the distance between the inductor 12 and PCB 21. the effective 

capacitance of such a capacitor is small. Accordingly, the IC inductor configuration 10 
according to the present invention has a high quality factor and a high self-resonance 
frequency (as shown in FIGURES 9A to 9D. which are presented beloxv). FIGURE 8 is a 
cross sectional diagram of another exemplary IC inductor connguration 30 according to the 

20 present invention. In this configuration 30. each conducting region of the checkerboard 

panem includes a n.type collector ("CN") region 24 and n-iype buried layer ("NBL'^) regian 
26. These regions have a lower resistance than an undopcd epita.\ial silicon. Consequciul> . 
the IC inductor configuration 30 may have a higher quality factor. 
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FIGURES 9A to 9D illustrate the soality factor, versus operating frequency./, for different 
IC inductor configurations. The inductor configuiations modeled in FIGURES 9A and 98 
have low resistivity substrates 20 while the inductor con Figurations modeled in FIGURES 9C 
and 9D have high resisUvity substrates 20 as in the preferred embodiments. In addition, the 

5 inductor configurations modeled in HGURES 9B and 9C include the checkerboard isolation 

regions as shown in FIGURES 5 to 8, while the inductor configurations modeled in FIGURES 
9A and 9D do not include the checkerboard isolation regions. As can be seen by review of 
these figures, the IC inductor configuration that includes a high resistivity substrate uith 
checkerboard isolation region has the highest <|ualiiy factor and also the highest self- 

10 resonance (the high point of the quality factor occurs at the highest operating frequency). 

These FIGURES also indicate that the inclusion of a high resistivity substrate greatly 
increases the quality factor and self-resonance frequency of the IC inductor. 



IS 
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li is also noted that the isolation technique according to the present invention also helps to 
isolate the inductor 12 from neighboring IC components. In high frequency applications, 
higher isolation techniques may be required. FIGURE 10 is a cross sectional diagram of an 
exemplary structure that isolates an inductor 12 according to the present invention. In this 
FIGURE, the IC inductor configuration 10 is isolated by a guard ring configuration that is 
described in detail in the cfl-pending and commonly assigned application entitled Trench 
Isolated Guard Ring Region for Providing RF Isolation" filed February 23. IS 99 and 
assigned application number 09/255.747. This application is hereby incorporated by 
reference for its teachings on guard ring region isolation techniques. 

As shown in FIGURE 10. the IC inductor 10 is inserted in a mesa fonticd by a guard rinjj 
including by U-trenches 23 immediately surrounding the inductor configuratipn 10. Each U- 
irench 23 has adjacent CN 36 and NBL 3g conductive regions coupled by a metal contact 32 
,0 a ground 34. The conductive regions are also surrounded by U-trenches. As described in 
the co-pending and incorporated application, the guard ring isolation configuration funhcr 
isolates the IC inductor configuration 10 from neighboring IC components. 



30 
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As noted above, ihe IC inductor configuration JO according to the present invention ideally 
uses Silicon-On-Insulator (SOI) as its base. As shown in FIGURES 5 to 8, and 10. an 
insulating layer 18 separates circuit devices 12 from the solid silicon substrsle 20. The 
advantages of SOI BiCMOS process technology include greater signal isolation, higher speed 

5 devices with lower power consumption, and dense digital CMOS logic. The circuitry of the 

present invention is preferably intplemented in an SOI BiCMOS process technology that uses 
bonded wafers ("bonded SOI"). Bonded SOl processes are well known to those of ordinary 
skill in the art and are believed to be currently available. Examplary SOI BiCMOS process 
technologies that may be used to implement the inventive inductor structure are described in 

10 U.S. Patent No. 5,661,329 entitled "Semiconductor Integrated Circuit Device Including An 

Improved Separating Groove Arrangement", U.S. Paieni No, 5,773.340 entitled "Method of 
Manufacturing a BIMIS", and U.S. Patent No. 5.430J17 entitled "Semiconductor Device", 
the complete disclosures of which are all hereby fully incorporated into the prtsitix 
application by reference. 

15 

A process for producing the IC inductor 40 shown in FIGURE 40 on an SOI base is described 
wich reference lo FIGS. II to 15. As shown in FIGURE 1 1, the SOI substrate is formed by 
growing an oxide (Si02), layer 20, on the surface of an N type silicon wafer, layer 38. The 
resultant silicon wafer is bonded lo another silicon wafer, layer 18. w\\h the Si02 layer, layer 

20 20, in between the two silicon layers, layers 38 and 18- Then, the original N type wafer, byer 

38, is polished down until a thin, approximately .Sum, layer remains. This sandwich 18. 20, 
38 now forms the SOI substrate. As shown in FIGURE 12, an N-rypc region is formed by 
masking the substrate and implanting and driving, by ihcrmal diffusion, an N type impurity 
into layer 38 (The NBL layer , 40, is not needed with the trench grid structure). An N i>pc 

25 epitaxial layer, layer 48, is then grown on top of layer 3 8 and layer 40. 
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As shown in FIGURE 13. an insulation oxide layer, layer 50. is grown on cop of layer 48 by 
means of ihcrmal oxidation. Ncxt» a masking pattern is formed by means of exposing and 
developing phoioresist on top of layer 50. The masking pattern can either be a trench grid or a 
radial type uench structure, which is used to prevent eddy current formation in the layers 3S 
5 and 4S. Narrow trenches, 55, are formed by RIE etching through the oxide layer 50 and the 
silicon layers, layers 48, 38 and 40, down to the insulating oxide layer, layer 18. As shown in 
Figure 14, the trenches are filled with CVD oxide, which confonnnally fills and closes the 
trenches. The CVD layer is removed from the surface of the wafer but remains in the 
trenches, 57. The metalization layers that form the inductor 12 can now be fabricated on top 

10 of the trench structure. As shown in Figure IS, an insulating Si02 layer, layer 60, is deposited 

on top of layer 50 and layer 57. This is followed by a metalization layer, layer 68, in vvhich 
the inductor 12 is formed. The metalization layer could be fabricaicd from Al, AISi, AlSiCu. 
Cu, or any suitable conducting material. This could be foUoxved with more layers of 
insulators, such as layer 70, and nddiiional metal layers, such as layer 78. The metal Inyers 

15 may be connected by means of another layer 75, panerned and etched between the metal 

layers. Multiple layers of metal can be used to form the inductor in order to reduce the series 
resistance of the inductor. 

U is noted that variations of the above techniques are possible. In particular, the checkerboard 
20 panem 1 1 may be used in other IC inductor structures that do not cmplo> SOI processing. In 

addition, an IC inductor staicture may be formed using SOI without a checkerboard pattern 
that performs well provided the substrate has high resistivity. Thus, numerous modifications 
may be made to the IC inductor configuration described in this specification. Consequently, 
the invention is not to be limited by the specific illustrated embodiment, but only by the scope 
25 of the appended claims. 
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1 I . ^An integrated circuit comprising: 

2 a) a high resistivity substrate; 

3 b) a first dielcciric layer contacting the substrate at an interface; 

4 c) a second dielectric layer contacting the first dielectric substrate at an 

5 interface; and 

6 d) an inductor fabricated above the second dielectric layer. 

1 2, The integrated circuic according to claim!, wherein the rcsistivit\' of the substrate is 

2 about 1 kohm-cm. 

1 3. The integrated circuit according to claim I, \^hercJn the frsi dielcciric layer confists 

2 of silicon oxide. 

1 4. The integrated circuit according lo claim 3. wherein the second dielectric I.i\cr 

2 includes at least one oxide layer. 

1 S. An integrated circuit comprising: 

2 a) a substrate; 

3 b) a first dielectric layer coniaeling the substrate at an interface; 

4 - c) a pluralii>' of conducting regions located within a second dielectric la\er 

5 wherein the plurality of conducting regions induce smaU eddy currents that 

6 do not significantly reduce the inductance of the inductor 

7 d) a tnird dielectric layer contacting the second dielectric layer at an inierf-Kc: 

8 and 

9 e) an inductor fabricated above the second dielectric layer. 

1 6. The integrated circuit according to claim 5, wherein ihc substrate is a hvih resisiixMx 

2 substrate. 
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7. The integiatcd circuit according to claim 6, wherein the resistivity of the substrate is about 1 
kohm-cm. 

8. The integrated circuit according to any one of claims 5 - 7, wherein the first dielectric layer 
consists of silicon oxide. 

9. The integrated circuit according to any one of claims 5 - 8, wherein the second dielectric layer 
includes at least one oxide layer. 

10. A method of making integrated circuit on a substrate, the method comprising: 

a) fomiing a anay of conducting regions in said substrate, said conducting regions being 
spaced from one another by dielectric; 

b) fonning a dielectric layer contacting the substrate at an interface; and 

c) forming an inductor above the dielectric layer. 

1 1. The method according to claim 10, wherein the substrate is a high resistivity substrate. 

12. The method according to claims 10 or 1 1. wherein the resistivity of the substrate is about 1 
kohm-K^m. 

13. The method according to any one of claims 10-12, wherein the dielectric between the 
conducting regions of sUicon oxide. 

14. The method according to any one of claims 10-13, wherein the second dielectric layer 
includes at least one oxide layer. 

15. The method according to any one of claims 10 - 14, wherein the array of conducting regions 
foxms a checkerboard pattent 
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(57) Abstract: An incegraied 
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induces a plurality of small eddy 
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energy generated the induaor 
from the substrate of the IC. 
The IC inductor structure i:» 
formed on a Silicon on Insulator 
(SCO substrate where the 
5t]b$tniic of the SOI has high 
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fcnin.< a checkerboard pattern 
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conducting legioos completely 
isolated from each other by 
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has a high quality factor and a 
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due (o die effective shieiding 
of clecvooagncdc energy from 
the sut)str3(e of the IC wtiije not 
reducing the effective inductance 
of the inductor. 
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(57) Abstract: An incegraced circuii 
induaor sunoure ibai includes a 
shielding paitero thai induces a 
plurality of small' eddy ourems to 
shield the magnetic cacxgy generated 
by the inductor from the substrate uf 
die IC. 'Vhe IC inductor strucmre is 
fonncd on a Silicon on Insulator (SOI) 
subslTBtc where the ^ubSfiBie of the 
SOI ha$ high lesisiivity. The shielding 
paoem forms a checkerboard paaers 
that includes a plurality of cooducong 
rtg;ions completely isolated from each 
other by oxide material. The induaor 
has a high quality facior and a high 
self-resonance frequency due to the 
effective shielding of electromagnetic 
energy frotn die subsu^ce of (he 
IC while not reducing the ett'ective 
inductance of the inducioc 
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AMENDED CLAIMS 
(received b>' ihe Imcmaiional Bureau on 07 Febniaiy 2001 (07.02.0 1 );); 
original Claim 5 amended: remaining claims unchanged (I page}] 

1 1 . An integraied circuit comprising; 

2 a) a high nssistivily substrate; 

3 b) a first dielcciric layer contacting the substrate at an interface; 

4 c) a second dielecu-ic layer . contacting the first dielectric substrate ai an 

5 interface; and 

6 d) an inductor fabricated above the second dielectric layer. 

1 2. The integrated circuit according to claim I, wherein the resisiivit}* of the substrate is 

2 about 1 kohm-cm. 

1 3. The integrated circuit according to claim 1, wherein Che first dielectric layer constsis 

2 of silicon oxide. 

I 4. The integrated circuit according to claim 3, wherein the second dielectric layer 

3 includes at least one oxide layer. 

' 5 - An integrated circuit comprising: 
2 

a) a substrate; 

b) a first dielectric layer contacting the substrate at an interface; 

4 c) a second dielectric layer contacting the first dielectric layer at an interface, die 
second dielectric layer including a plurality of conducting regions 

^ d) a third dielectric layer contacting l^ie second dielectric Layer at an interface; 

6 and 

e) an inductor fabricated above the second dielectric layer, 
^ wherein the plurality of conducting regions induce small eddy currents that 

g do not significantly reduce the inductance of ttie inductor. 

9 

1 6. The integrated circuit according to claim 5, wherein the substrate is a high rcsisii^ity 

2 substrate. 
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